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Size eonstraints for targeting post-transeriptional gene 
siieiidng and for RMA«dire€tecl methyiation in Mcotiana 
bei^thammna ysing a potato virus X vector 




Post-transcrtptional gene siiencsna sPTGS) is bssujo oii a 
horrclog,' d«f vidBn jwf ia a' u i h'^ a r t vtc 
piasrn ~hc Urga PNA -nsv Oy da' /b^ i t dn^uP-«s 
e--<o:'„roi qt c ^".'■c' Atx &^ v,i v v K'^ 
fisci in pUints 3S tne urKierlying inechanism cotatned from 

PTGS is; now recognized as a fundamentat process related 
to a wide ranae of epigenetic Dhenorr.en;. previewed by 
L■'e^..^e and van Mnrt'Uj 1 ' > i cicin, 

2^K0 " J'-'^'-" ^i-i <r'no VbOi . t ' '^i7V3fdei 
Eo'^ga^' ^\ ' 'rj-> h ,s 3 So . ;f rs n P-'G^ i i^ol 
restricted to plants, beinq meehanssiicailv related to csueli- 
I ^ *vc>..";<,tY.J J Co K' 1 dild UdCC-O. ''9S9, CogoK t'Ja/ 
i-jS < -c '■■^^A i'> VMtte e/eya,js 'h re rf3/. 

'yi-' ft-c'fa'^'. Tr- hov f=h}/, 2000), D'osvpnila 



melanogaster f.Kennerdeli and Carthew, 1998; Misquitta 
5j=c«t-='j fish (Wa-gflij^ Of'"' ^99 V> '''d/ 

200i.'i: 3r-,(5 iTiajTHTials iWtannv and Zernieka-Goetz, 20uOi. 
Pnrticuiarlv conioelling is the invoivement ot nomologous 
genes in Nnurospoia. C. e.'sgsnsand AraoiaopsiS thsliana 
(Coqoni and IViac^no. 199S; Dalmsy etaL, 2000.3; Mourratn 
eidl, 200'. in j'Jn, /OOi , r ; J.e o<<n ut ^' J 
Mf-it RNA3 A' - -Tfi? -m-^jA ^ n< i dt^una.ia 
baUcomb^ ^9^t-)='x . ^--loid era', 2000, 

la-^mp etal 200Ci, ;o£t vc v t pls'!^ M^al RNAs 
wera found associated j-v ? « 'cr-c . s' .genes, and virjs 
iri-ection; sma-! RNAs ' .n =c > '?1 and 23 nt) were 
•jhowf- JO a ;l!vate fie hon cogy dco^ i dtit degradat Of- of 
target R^iAs -n coll free -jxtracf. of OfosopPf/a emDryos, 
and to generate furthijr similar RNAs as products (Zamore 
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etai., 2000}. For plants, it was also proposed (Hamilton and 
Batiicombe, 1SSS} that thess smal! RNAs might constitute 
cellular signais for the induction of PTGS, both iocaiiy and 
at more dista! rtrgUins ai Uis piant, However, it has not 
been shown that such short lengths of RNA are capable of 
promoting PTGS-medlated targeting of hortiologous RNA 
de novo. 

The potential for RNA to interact with genomic 
sequences haa been shown fWassenegger etal., 1394), 
even when the RNA is generated outside the nucleus. 
Hence infection of transgenic pianis with cytoplasmicaliy 
repticating RNA viruses resulted in de novo methyietion of 
the tran.9gerse \f the viral RNA contained regions of 
homology with the genomic DNA {Jor.es etaL, 1993, 
Jones atai.. 18995, if the homology corresponded to the 
transgene promoter, trsrisGriptionai gene siii-jncing 
ensued. Homology corresponding to the Eransgens 
n-iRNA sequence was associated with PTGS. ifi this case, 
methyiatiori was; restricted to the transcritssd region, but 
spread boyond the initial region of homology (Jones staL, 
1399), Although a tight correlation between inethylatlon 
arsiS PIGS has been shown (English etai., 199S; 
Ingelbrecht staL, 1934; Jones etai., 1898; Sijert etai., 
1996; Van Houdt etai, 1997), the reievarsce of methylatlon 
lor PTGS remains uncertain. U has beer, suggested, 
however, that methyiation couJd be Involved in the amp- 
lification and mainteneffce of transgene-msdiateci PTGS 
{Dalmay efa/,, 2000b; Jones etai. 1999), 

In this paper, we have used the ability of potato virus X 
iPVX) carrying sequences derived from the Aequoiis 
victoria green fluorescent protein gene igfp) to silefice 



gfp expression in non-silenced gfp-trarfsgenic Nicotiana 
benthamima plants to assess the size and sequence 
reijuirements for promoting PTGS of gfp mRNA and 
trsnsgene methyiation. The data support the view that 
short honrioiogous RNA sequences of 23 nt can target 
PTGS to gfp mRNA de novo, but that towards the lower 
size limits efficteficy may be influenced by the sequence 
itseif. 



Results 

Nucleic acid homology of 23 nt is suffidant to direct 
PTGS to, and de novo mathylation of, a GFP trarrsgens 

To determine the shortest nomoiogotis RNA sequence 
a,>3is to target PTGS to gw rf\BHA, frasments of gfp DNA 
were cloned into a PVX cDNA vector and the virus 
inoculated to S7fp-transgenic (V, benthaniiana. The gfp 
fragments, generated by DMssel digestion, were si?.e 
selected {<100 bp) before cloning, and the resultant clones 
were sequenced. The orientation and origin of the frag- 
ments are showfi in Figure 1(a}. Surprisirigiy, there was a 
strong 3' bias In the source distribution of the cloned 
fragments, aithough there was an equal distribution of 
clones in the sense (S) and antisense (AS) orientations 
(Figure Isi. These cloned fragments were compared witf; 
PVX-QFf-' containing the compiete gfp cDNA for their 
ability to direct siignciog. The plants were scored visually 
for silencing of gfp expression 25 (Figure lb), U and 
41 days post-infection (dpi). Under UV illumination silen- 
cing was seen as the loss of green GFP fluorescence to 




© glackwsli Science Ltd, The Piant Journal, ■2001), 25. ^17-425 



Si-^a constraints for mediating PTGS and mnsgene methylation 419 



Tabia t. Silencing of gfp with PVX containing 20-30 nt 
fiomology to tiitse oistinci regions of gfp Ot-iA 



Size Nuciftotida Sense Silencing 
fe-ip regior, i n?} position iS/AS! i->A-i 



'Sequences a!so tested from tha preiiminsry random fragmen- 
tation of gfp. 



reveai red chiorophyl! fluorescence (Figure lb}. The rsngs 
of fragments required to promote siiertcing shov,/ed a 
sharp cut-off in size, with fragmerits of 27 nt and larger 
being effective, but fragmersts of 16 nt srtd iess being 
ineffective. Fragriients in eitiier sense or antisense orien- 
tation were effective. 

Although ai! fragments of 27 nt and larger were able to 
direct silencing, there was s marked difference in their 
relative effectiversess. in contrast to the response to PVX- 
GFP, which resulted in rapid and complete siiericing {full 
red fluorescence} by 20 dpi, many of tha smatier fragments 
took longer and showed a patchy silencing phenotype in 
the ssriy stagss of the infection. The isrgest variation was 
seen at 25 days (Figtire ib) when comparing PVX-GFP27 
(27 nx), PVX-GFP2S (2S nt) and PVX-GFP (8T8 nt). Cic-ss to 
the n-iifitrfjsi si^e for successfui silencing, just a 1 nt 
difference in the length of homologous RNA had a 
(iramafic effect on silencing efficiency. Eventually a\\ the 
competenj RNA frsgmetits produced leaves showing an 
extensively red fleorescent pfienotype. 

To obtain a more precise estimate of the size limit for 
silencing, a targeted approach was taken wiiereby nested 
synthetic oligonucleotides of 20, 23 27 and 30 nt to tnree 
different regions of gfp {nt 316-345, nt 550-579 and nt 746- 
775! were Inserted into the PVX vector. In most cases 
insert:ions In both orientations were oiitained. With the 



contribution from Ehe flanking nucleotides from the Smai 
cloning site, a range of gfp homologies of 20-30 nt 
resulted {Table 1). The recombinant PVX variants were 
Inocuiated Ofste N. benthamiana and again scored for the 
initiation of silencing. After 45 dpi, silencing was seen 
when the homology was 23 ni or longer {Table 1}. There 
were tv^o exceptions {PVX gfp homology 316-338 and 550- 
572 in the S orientation), which failed to initiate silencing 
despite having 23 nt gfp homology. However, close to the 
lower limit for silencing, homologous se;quen£;es in the AS 
orientation appeared to be more efficient (data not shown). 
No viruses with homologous seqtjences of iess than 23 nt 
initiated gfp silencing, Conslsient with tne random 
approach, initiation of silencing was slower and patchy 
with the smaller fragments (data not shown). 

Surprisingly, one 27-mer gfp-specific oilgonucleotide {nt 
746-772) did not initiate silencing (data not shown), even 
though it covered a 23 nt region (nt 746-768) which was 
competent for silencing (Tabie 1}. IHowever, sequencing of 
the,se 27 nt identified an error in the .sequesice which 
divided the 27 nt into 12 and 14 nt of identity with gfp. 

Previously, in the same experimental system (Jones 
etaL. 1999), we had shown that GFP-speoific RNA in the 
PVX vector was able to direct methylation of the tran- 
scribed region of the gfp transgene, irrespective of 
whether the 5' or 3' regions of the sequence were used 
8.=5 inducers. To see whether the short gfp fragments 
retsined tneir capacity as inducers of methylation, geno- 
rriic DNA from completely silenced -issues of pia;its 
inlecte-J with PVX-GF?28 (2SS nt), PVX-GFP43 i43AS nt) 
or PVX-GrP were subjected to nnaiyijis sjsing SsuSSi and 
Southern blotting with the complete gfp cDNA, as before 
(Jones etaf, 1S98}. Sau98i, which has a recognition 
sequence GGNCC, is sensitive to methylatiotj oi canonical 
or symmetrical cytosine residues {Cpt3 or Cpis'pG), or non- 
syfftmetricai C residues when the nt 3' to GGNCC i.s not a G 
residue. The organization of the 3bS:gfp trarssgene, the 
location of restriction sites, and the sizes of digestion 
products of 3 non-methylated GFP transgene are shown in 
Figure 2(8). in non -silenced, infected tissue (Figure 2b, iane 
1} only the two major gfji^specific fragments of 0.56 and 
0.2S kb were detected. In contrast, in silenced, infected 
tissue additional f.'agments of 0.36, 0,B4 and 1.3 kb were 
deiect-sd; the pattern of fragments was the same for ali the 
sampi-3s (Figure 2b, lanes 2-4}. This indicated a partial 
methylation at the three SauBB sites interna! to the gfp 
sequence, Out no methylation at the fiankin-g sites in the 
non-transcribed 35S and tnos portions of the transgenes. 
incompiste RN.A-dlrected methylijtion was also a feature of 
previous, related studies (Jones stsi., 1998, Jones eta/., 
19S9;. The complete digestion of the Df-JA with Sau96i was 
confirmed by re-probing the Southern blot for hsp70 DNA, 
as shown by the detection of j-jst a single 1.4 kbp band in 
ail lanes (Figure 2c). 
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Figufg 2. Methyiation associated with fTGS of gfp iniJiatsci ysif.s short, 
hornorogous giio sequences. 

iS) Structure of the sffp trsnsgaiis is shown as inciuding the 35S 
promotB!- iSSS; op»!i boxi, ihs chitiftase ericioplsssriio rsticuliim targetirig 
sia!5sl SBfliiBiiCft (C), {fw codrJ>g saqusnce I'soiid boxi, and the nopetins 
syftthass terminate!? jtnos). SauSS restriction sites and sizes of the 
ftxpsctod digsst'Sir! products in kilobasss ere shown below. 
ib,o) Soutriern blot anaiysss of gsnomic ONA sa;:>p*es ^">"i lissus 

PVX-GFP45 m nt gfp) siienced iiane 31, and PVX-GFP28 (23 nt pija) 

sarr.g tot vvsf. probed ssiiu/ntisilv witii s'p (b)' arid hsp70 fc cDNAs. 
Si2--:s ii" i.:.;oba3f:si of lolsvant DMA fra-gm-mts 3rs indicated. 



Table 2. Siisncing of gfp with PVX coritainirig oliiicfiijciet.-.ides 
{33 !iti with Of without syiTiftsBiricai cytosine tesicitiss 



PVX- Nuoteotide PoSssity CNG Silencing 
OHgo position {S,/AS) or CG ■+,'-) 



A 7a&-S18 S No 

8 AS No 

C 497-629 AS No 

0 503-540 S Yes 

S S0S-S40 AS Yes 

f 74&-77S S Yes 

Q 746-778 AS Yes 

Gf=P28 746-773 S Yes 

GFP 1-818 S Yes 

PVX NA NA NA 



Canonical CpG and CpNpGp are not essential for de 
novo methylation for a GFP transgsne 

The identific.jition of shon sequences ospybtf; of initiating 
PTGS allowed us to !est the effect of sfsecific RNA 
sequences ior tiia cspscity '-o induced irieUiylstion, sar- 
ticuiariy to address the importance of canoiiioai CsG or 
CpNpG residues. Unfortunareiy, the shortest competent 
fragment for silencing (23 nt) did not aiiow g/p-specifio 
sequences compietsiy devoid of C residues to be tested. It 
has been sjutigesied that rtjethyiasion of jsyrrjrfSiJtfically 
located Cs may p-ovide r-ucleation ceriiress for the spread 
of methyiation to adjacent iioii-symmetrica! C residues 



(Rnnegan etal., 1398). To test the significance of CpG or 
CpNpG for inducing rr^ethySation, two regions of gfp 
devoid of symrtietricai C residues were identified, mii 
corresponding S and AS synthetic oHgonuoieoiides 
ifjserted into the PVX vector. The regions identified 
{Table 2} mads it possible to use sequences of 33 nt, 
which had the advantage of increasing the efficiency of 
PTGS induction, AdjacenJ sequences containing symmet- 
rica! C residues were tested in oarailel (Table 2). 
Unforttinately, the sense oligonucleotide corresponding 
to gfp nt 4S7-629 was ijnsrabic in the PVX vector, and 
coijiri not be analysed lurther. 

PV.X-o!i90-A to -G, PVX-GFP28, PVX-GFP and wild-n/pe 
PVX were all 3gro-inocul<3te(j lo gfp-N. bemhamiana and 
scored for silencing af;er 25 days (Table 2}. Aii the viruses 
carrying gfp sequences effectively initiateci sUencing. 
Although some constructs were more effective than others 
at 25 dpi, by 41 dpi the silenciFig from each construct was 
complete, Tf5i.$ experimetJt was repeated five times using 
two plafjts per construct. The least efficient initiators of 
silencing were always the oligonucleotides devoid of 
symmetrica! C residues, irrespective of orientation, For 
reference, these were always weaker thisn r*VX GrP2S 
{Figure Ibl. ?'io correistion between ttse sjrsngth of silen- 
cing and the number ol symmetrical C residues in the 
inhiator sequence could be mads. 

tt was possible that the inefficient i!^iti,-3tiori of gfp PTGS 
by PVX-oiigo-A to -C couid be atlributable ;o reduced 
transgene methyiation as a result of triggering with a 6F-P 
fragment devoid of canonica! cytosines. Hence genoniic 
DNA isolated from fully PVX-oiigo-si!enc;ed lissue st 22 dpi 
was digested with Sau36i and analysed by Southern blot 
hybridization with a GFP probe to assess the fjxtent of 
methyiation. In this case Sau9Si digestion gave fragments 
of 0.56, 0,37 arid 0,28 kb for non-silenced samples (Figure 
3, lane 1), and additional fragments of 1,3 and 0.84 kb in 
silenced samples (Figure 3, lanes 2-9). Equivalent data 
were obtained using a second methylation-sef-sitive 
restriction enzyrrie, Alu\ (data not shown). Hybridization 
of the same blots with a probe for hsp70 confirmed that 
the pattern of fragments was not due to incomplete 
digestion of the DNA samples {data not shown), 

PTGS iargstsd to gfp using small oligontjcleoiidss is able 
io targei recombinant virus far degrscimion 

Whi;n PTGS is directed in a gfe-transgenic line by PvX- 
GFP, the strong silencing targets gfp mRNA and PVX-GFP 
RNA for degradation, and PVX-GFP is prevented from 
further accumuiation (Ruiz efa.'„ 1998), This effect is a 
combination of the strerioth of the PTGS response and the 
potential of PVX containing ail the gip cQHA to be seen as 
a target for degradation. Experiments involving transgenic 
plants displaying constitutive PTGS-Dased virus resistance 
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Figure s. Wethyiatiun sssocisteO with PTGS u-f gip 

Souiiisrn blot ansiysis cf gsnomit OWA samnia.- ircm 
■issues inlBctetf with PVX ino insert; llsne tn-...i sii 

3) Th= hkn wd, p obst, wtf 9^ 'DtsiA Size k I 1 



have Jdentified eQ nt as be;rig the smallest region of 
nonrtoiogy aBie to tap a recombmant vtrus for degradation 
(Siien etai., l&96t. To determine if regions of homology of 
iess than eO nt were able to identify the recombinant PVX 
RNAs as targets in s de novo-dirscted PTGS systenrt, and 
whether the canonical C content might infiuer^oe the 
efficiency of targeting, GFP and PVX RNA levels were 
assessed in tissues silenced by PVX-GFP, PVX-QFP28 and 
PVX-o!igo-A, -B, -D and -E {Table 2). Totai RNA from 
infected, non-siienced tissue 14 dpi, and from silenced 
tissue 27 dpi, was subjected to Northern analysis using 
probes for PVX {Figure 4al or gfp (Figure 4b} sequences. 
The PVX probe detected genomic and subgenomic RNAs 
for both PVX-GFP and PVX. The gfp probe detected gfp- 
transgene mRh^A ami PVX-GFP; PVX-GFP28 or PVX-oligo 
RNAs were not detected. The mwls of PVX RNA, thai 
accumulated in leaves of gfp-transgonic plants at 14 dpi. 
and in upper leaves at 27 dpi, are shown (Figure 4a, lanes 1 
and 2). As previously deinonstrsted for PVX-GFP iPiuiz 
staL, 1998), the levels of viral RNAs in the silenced tissue 
at 27 dpi {Figure 4a, lanes 4, g, 8, 10, 12, 14} were 
dramatically reduced compared to the non-silenced tissue 
at 14 dpi (Figure 4a, lanes 3, 5, 7, 9, 11, 13}. The mobiiity 
shift of the subgenomic PVX RNA In Figure 4{a;, iane 4, 
and the absence of hybridization with tfie gfp probe 
(Figure 4b, lane 4), indicates that residual PVX RNA In 
silenced tissue results from feooiribination, The absence of 
reoom&lned .'^VX in tissues silenced using Pv'X-oligo 
suggests that tiie smaller inserted sequences reduce the 
propensity for recombination (Figure 4, lanes 5-14;. This 
was confifrned Oy RT-PCR analysis of extracts of infected 
plant:; u;;lng primers that enabied the detection of 
recombinant and wild-type PVX tdat3 net shcswn). When 
the 14 and 27 dpi RNA samples were afjijiysed using the 
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irnt fjfobftit fof sithef is) PVx spociric or (bi Gf-P-soecitis 

jf riboso!Yial fi^^As icj. ihs positions of rns genomic igS and 
mc (sgl PVX RNAs and the gfp trsnsgan!? rr.RiiiA (GFP.i ata 



gfp probe, the expected dramatic reduction in gfp mRNA 
levels was observed in siieticed tissues (27 dpi; Figure 4b, 
Isnos 4, 6. 3, 10, 12 and 14t. Actually, gfp mRNA was 
reduced even at 14 dpi in tissues infected with PVX-GFP 
(Figure 4b, iane 3), indicating that the mRI^A y^ras more 
prone to degradation than the virus at this time. The equal 
loss of PVX-oligo-A, -B, -D and -f. RNAs 3t 27 dpi showed 
that the content of isym-Tietrital cytosine residues had no 
:f:fiti-:jnce on the mechanisrt! of RNA targeting and deg- 
rada-ion. The loss of these mAs and PVX-GFP28 also 
showed that homology as short as 28 nt was sufficient to 
p.'ovide an effective target. 

PTGS of an endogenous gene using sl)on regions of 
homology 

To determine whether PTGS of an endogenous gene could 
be initiated by short -regions of homology in PVX, 
oligonucleoiides were designed to different region.^ csf 
the endogenous phytoene desaturase gene ipds). This Is a 
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TaWsf 3. Silencing s)f phytoene ttftsatijrase with PVX containing 
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singie-copy, !ow expressed gene in N. benihsmisna which 
has been shown to be susceptibie to virus-irsduced fTGS 
with a 368 bp fragment of the N. benthamiana pds gene 
(Kurrtagai etai,, 1995; Ruiz etal., WJ8). Siiencing or pds 
causes suppression of carotenoid biosynthesis so that ihe 
affected piarsts become stisceptibie to photo-bieaching 
(Oemfnig Adams and Adams, 1992). 

Recombinant PVX were constructed carrying pds S and 
AS otigofsucleotsdes specific to different regions within the 
3' half of N. benthamiana pds (Tabte 3), The oligonucleo- 
tides, inckiding the contribution from fianising fjucleotides 
in the PVX cioning site, were either 33, 34, 51 or 52 rst, sizes 
that reproducibly gave strong siterjcing of the gfp trans- 
gene. The pds sequences were cioned in both orientations 
into the PVX vector and agro-inoculated onto N. benthami- 
ana. As a positive controi, 368 bp of pds from ,V. 
benth3miari3 (corresponding to 1322-1S90 nt of the 
tomato cDNA {KuiTisga: e-iaL, 1935; Pecker sta!., 1932) 
was used. At 25 dpi piants wer-; scored for ;he presence of 
photo-bleaching, indicaitve of silencing of PDS {Table 3). 
Unlike the situation with PVX-stimuiated silencing of the 
,gfp-transgenewith sequences longer than 23 nt, not all the 
PVX-PDSoiigo constructs were able to tnhiatr; silencing, 
Broadly, they feil into two cias;ses: thoso that did, and 
those that did not cause phoJo-bioaching iTabis 3). 
Sequences from the pds region including nts 1438-1548 
ware effective irrespective of orientatitjn, whereas the 
flanking regions were genersily ineffective, the exception 
i:ii!ing AS oligonucleotide 4 {nts 1326-1381}, Hence piants 
infected with PV'X-PDSoligos -4 to ~8 {Figure 5a, panels 4- 
8/ all showed photo-bleaching, albeit to different degrees. 
Piants infected with PVX-PDSoiigGs1-3, 9 and 10 (Figure 
5a, panels 1-3, 9, 10) failed to show photo-bieaching, even 
after 45 d.pJ. 

The wide variation in phenotype {more-or-less photo- 
bieaching) amongst those sequences effective for pds 



silencing revealed some trends. Photo-bieaching was 
strongest when triggered by sequences in the AS rather 
than the S orientation {Figure 5a, compare panels 5 and 6; 
7 and 8, where 6 srid 8 result from the acticn of AS pds 
sequences 6 and 8). This orieivtation bias was not observed 
with larger fragments of pds (Ruiz etal., 1998). To confirm 
that the phenotype related to pds rnBNA levels, RNA 
samples from pnoto-bleached leaves were subjected to 
seiTiiqiisrHitJHiVSi c;i,;p:e< RT-PCR (Figure Sbj, In compari- 
son with the rsfsbve accumuistion of pds and ubiquitin 
mRNAs in non-siisnced tissues irsfetted with PVX (without 
PDS sequences), both PVX-PDSoligo-7 (S) and PVX- 
PDSoiigo-S (AS) irdections led to a reduction (relative to 
ubiquitin) oi pds mP.NA. This was .mergina! for PVX- 
PDSoligo-7, but clear for PVX-PDSo!igo-8, It also appeared 
that larger oligonucleotides {51-62 nt) were rnore efficlen- 
than smaller oiigonucleotides {33-34 nt) at initiating silen- 
cSng {Figure 5a, compa.'e panels 2 and 4; 5 and 7; 6 and 8), 
However, in the case of PVX-PDSoligo-5 to -S {Figure Sa, 
panels 5-8), which cover the same area of pds, the AS 
oligo-6 (33 nt; Figure Sa, panel 6( was more efficient than 
the S oiigo-7 {51 nt; Figure 5a, panel 7), This indicates that 
orientation may have a stronger influence than siue on the 
siiencing of pds. 

We li.'ave previously demonstrated that cfe novo rnethy- 
iaticri :s nt't a.ssociaied with siiencing of the endogenous 
gene ;&cs (Jones et&L, 1998). To determine if the same 
was true of jiilencing triggered by PVX-PDS or a PVX- 
PDSoligo, DNA was isolated from pds silenced leaf tissue 
and analysed using rnethyiation sensitive enrymes, 
Hirm\. and Wseiii. When probed with pds cDNA, there 
was an idcfitice; hybridization profile obtained for both 
non-silenced end silenced leaf tissue, indicating that ds 
novo methytation is not associated with silencing of pds 
(data not shown). 

Discussion 

8y using random fragments of gfp and gfp oligonucleo- 
tides in a virus vector, we were able to assess indirectly the 
influence of si^e and sequence on the capacity to direct 
PTGS de novo to gfp mRNA in ^fp-transgenic plants. The 
shortest length of gfp homology with the ability to target 
siiencing to gfp mRNA was 23 nt. This correlates well with 
the ei^t; of small RNAs associated previously with PTGS in 
plants (Hamiison and Baulcombe, 199S; although originaily 
shed at -25 nt, improved techf;iques have provided a 
more accurate size assessment as 21 and 23 nt, Ejnpuf)- 
lished data), snd with the size reauirement for P.NAi In 
other systenis, Fortui-ousiy, the failure to ot)serve siien- 
cing with the 27 nt with incomplete identity with gfp {due 
to the presence of a sequence error) showed that it was 
neeessa-Y for the short initiating sequence to have com- 
plete homology with the target. One li!>;ely consequence is 
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that the occurrence of PTGS will be deteriYiined by the 
presence or absence of stretches of 23 r-.i of identh.y father 
than by the mean (percentage! horrio?ogy beiween Induce 
arsd target. 

The efficiency of initiation of siSencing increased d;a- 
rfisticaliy whi;n th«; she of the gfp fragriient was increased 
by ofiiy a few rtt. This may reflect the irtcrease tr, 
profaabiltty that thsj exact 23 nt of gfp would be generated 
by a processive cleavage of ds PVX-GFPFrag RNA, as 
proposed for the cleavage mechanism in DrosopiiHa ce!i- 
free extracts. The iower size iimit for PTGS Initiation at 
23 nt f!Ot on!y provides evidersoe that they have the 
poter^tial to act as sigrssis for tffdifcing PTGS, but aiso 
provides an gxperimentai link between the physical iden- 
tificatiors of srnall RNAs in piants and their function in 
Drosophiia ceil-free extracts. 

The quantitative nature of the siiencing response with 
short homologous sequences has also beet) fjoted for 
RNA; in Trypanosoma brucsi (Ngo e!sl., 1998} and in 
Drasophiia csii-free extracts {TuschI etal., 1899). if. the 
former, 59 nt of homology induced rnRNA degradation, 
but the effect was much stronger with lOO-^SO nt. In the 
cell-free extracts, wesk Ri^A degrading activity was dir- 
ected by dsRNA of 149 nt of homology, but 505 nt was 
markedly stronger, Siirprisingly, a ^9 nt RHA was inactive 
tluschl etai, 1999), although the 21-23 nt fraction purified 
foliowing ceil-free RNAi was active in targeting HHA in a 
new rfiijction {unpublished data in Zamore eta!., 2000). 

Logiceliy, if short homologous regions are capatjie c;f 
inducing PTGS, we rr.ight expect them to be effective if! 
targeting homofogous RNA in the cytoplasm. Previously, 
Sijen etal. {1996) showed that as iittie as 60 nt homology 
between a recombiriant PVX vector and a transgene could 
target the virus for degr adstion to give resistance. Our data 
show that the same effs!ct can be achieved with just 28 nt 



homology, in contrast, wn«n siie.iced Jransgenes com- 
pO:iii(i of fffsgfPenxs of the to.mato spotted wilt virus 
•TSWV; N csifie fused to gfp were anslysed for iheir ability 
;o TSWV, resisiance was seen onfy when >1 10 nt of 
N were present in the transgene (Pang ets/., 19S7). In our 
experiments, the source of the 28 nt homology would be 
the sum of the RNA degraciation products from the 
recoinblnanE virti.s and the transgene mRNA, conceivably 
a higher dose thm found in the other experimentai 
system. 

We attempted to use short, homoiogous HHA sequences 
to silence an endogenous gene (PDS). While this was 
effective In some cases, particularly for sequerices in the 
centre of the region a-iaiysed, the effect was not reprodu- 
cible even when 51--52 nt fragments were used. As for the 
shorter gfp homologous seejuences, effectiveness was 
aiso variably influenced ijy sequence orientation. The 
reason for this is unlcnown when Ehe iikely source of 
the PTGS inducer is viral dsRNA, However, analysis of the 
siienced plants reinforces the view that there is a funda- 
m.entai difference between endogesious geties and trans- 
genes in the intefaction of cytoplaa-nically de-'ived RNA 
and genoniic DNA, reflected in their methyiation status in 
silenced tisstjos. There was no de novo methyiation of pds. 

As silencing sJirected by ■■•ecombinant RNA viruses 
probably h3.s the capacity to trigger the degradation oi 
exiKiirig homoiogous mRNAs in the cytoplasm, we coijid 
not determine with certainty whether the short sequences 
WEf tested could interact directiy with gsfiofnic DNA, 
potentially to direct de novo methyiation. However, the 
influence of sym.metrical C residues on the efficiency of 
PTGS might indicate a direct interaction frorn the input 
recombinarU virus. Aiso, it is clear from the Rf^lA-ditected 
mefhylstion of tran,sgenic viroid sequences {Pelissier and 
Wassenegger, 2000) that short homologous DiMA 
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sequences (30 bp} can be liivoked as targets for rnetbyla- 
tiort. Why we found that PVX-GFP23 (28 nt gfpi led to DNA 
meihyistiofi, but PVX-PDSoiigo-e {33 nt pds) did not, even 
though both infections initisted siienctng, renrtgins to be 
deiernriined. However, it would appear that the piant csn 
distinguish between e transgerte and an endogenous gene 
as substrates for RNA-directed melhylation. Siirprisingiy, 
PTGS induced by ds vira! RNA carrying a very short 
hoftioiogotis region led to n^ethyiation throijgiio-jt the 
transcribed region of the transgena. Since the trsnsger-e 
mRNA appeared to be more susceptible than the vira! HHA 
to targeted degradation {Figure 4b>, it Is conceivable that it 
couid act as the primary targe; in the cytoplasm of the 
short region of seciuence homology froni the virus. The 
processive degradetion of the target mRNA iZatYvore eta!., 
2000} could release further gfp fragments that additively 
direct methylatiorj throughout the transcribed regiori of 
the transgene. This can slso lead to subsequent targeting 
of RNAs with homology to adjacent regions (Jones sts!., 
1999; Ruiz etaL, 1998). Whether methylalion is just an 
indicator of this capacity for spreading the PTGS specifi- 
city, or whether it is an active component, remains a !<ey 
question. 

Plant material 

Transgenic Niaotisna bsrtthamisna piants (iine ISic) carrying s 
single 35S::gfp::tnos transgene have been deiseribed previously 
m\i etaL 1996). 



Southern blot analysis 

Ger-fOmic DN'A was extraotec from iosva^ using the 'DNAeasy' kit 
(Qisgan, Chatsworth, CA, USA! according to the manufscturf.r's 
Instructions. DNA digsstion with nwthylation-sensitive restriction 
eniytnss and aei-biot analysis was as described (Jones efa/„ 
1338-. ^^P'Sabelled hybridiiatioff probes corresponded to the 
entire gfp sectijsnce, a 3S8bp N. benthamisns pds cONA 
fragment or 450 bp of the N. bsnthsmiana heat-shocii: protein 70 
{hsp70) cDNA. 



f?.'V,4 extraction and analysis 

Totai RNA was extracted using RNA isolator (Genosys 
Biotechnologies Inc., The Woodlands, TX, USA) following the 
manufacturer's instriicticirss. HNA elBMrophoresis and gsi-biot 
analysis were p.jrformsd as dascribed previously (Jof.es etas., 
;99S! and hybridised with gfp nud PVX vtoWA. t^or semiouar.ti- 
tstiva R'[--PC.'^ aiiarysis, hnss :ea-/ss st'.-jwing the fsds siisncad 
P'^s- VPS .'ST ^ f\ ^ '.i'.'i 'i' fii66 irid!vilLa plant, 

<T i> PN/' -i^-; ■; . tii fri ( '0 , j 

;[;t3! Rr^iA usi:ic: Oynahesys !Dy:ii!l AS, Osio, islerwsy) as psr the 
manyfsctiirsfs i:istructions. cDNA was synthesiied using fxpand 
reversr: trsnscriptrjitf iRocfis f3:agf(Os;ios GmbH, Msnnhsim, 
Gerrriisny), antt i:st;d ;3 duplex FCR reactior; containing 
oligoiiocieotidfts r>pfte:fic for amplifyifsg ubiquitin and pds 
rriRNAs. Semi quantitativft PCR of cDh^A derived frorrs the equiva- 
lent o? 1 ]ig of total RNA was performed using the following 
conditions: S5X/5 min for 1 cycle, 95='C,'30 sec, SS'-CI mirt. 72''C/ 
1 rrtin for 22, 28 or 30 cycles and TSX/IO min for 1 cycle, tor each 
samplo. The hnear phase of DNA ampsification (26 cycles) was 
de;ermiF)ed by electrophnresing the PCR products ort a 1,5% 
agarose gel. Tne pds oiigonucieotides wars ds,?sgned to detect 
pds .TiRNA and not the pds sequences within PVX- 
f DSOngo-7 or -8. 



Recombinant PVX viruses 

Fragments of GFP5 (Hassioff eta/., 1SS7) DNA were gener-it^d by 
limited ONasei digestion in the preserve Mn'' (.Vhilq-ir snci 
Goidthwait, 1968). The digested DNA w ' o ' 

15% agarosis gei and fragments of -clOO bp cloned into rhe SmA 
site of a PVX vectc |pGR107; Jories &iai., 1339). adjacent to a 
duplicated subgenomlc coat protein pronioter. Cloning synthetic 
ollgonucieotides irttc th.3 Sma\ site siniilariy generateti other 
recombinant PVXs. !n dsterminitig the precise size of the gip- 
horrioiogous sequence in the PVX vector, the contribution of the 
sequences corr^prtsing the Smai cion-ng sits were also taken into 
account. The vsctot pGR107 expre.<!sss srt infectious PVX RMA 
from a CaiWV 35S promoter after introduction into piant ceils 
using Agrobactc-rium firmefac/ens pGV3101 stab inocuiation 
Cagro-irtoculatiot!'). PVX-GFP contained a fuif-length gfp cDNA 
cloned Into the Srna! site (Ruiz sts!., 1993), PVX-PDS similarly 
contained a 368 bp fragment of Af. benthsmiana pds cDMA (Rui? 
efa/„ 1998). Varying rsumbers of plants (three to ten) were agro- 
inoculated with the PVX constructs discussed in the text. Without 
exception, eif plants infected with the same cotistruct gave a 
consistent phenotype (either they did or did not initiate silencing). 

GFP imaging 

Observation and photographic recording of GPP fiuorescetK-e was 
as previously described (Voitsnet stsL 1388). 
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